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We investigate a new sequential recombination algorithm which effectively subtracts background
as it reconstructs the jet. We examine the new algorithm’s behavior in light of existing algorithms,
and we find that in Monte Carlo comparisons, the new algorithm’s robustness against collision
backgrounds is comparable to that of other jet algorithms when the latter have been augmented by
further background subtraction techniques.
Collimated jets of particles are a distinctive feature of
high energy elementary particle collisions and are often
taken to indicate the presence of ejected quarks or glu-
ons, particles normally shrouded by the effects of quan-
tum chromodynamics (QCD). Jet reconstruction there-
fore plays a prominent role in event analysis, and as the
search for new physics breaches new thresholds in en-
ergy and jet multiplicity, understanding jet reconstruc-
tion itself has taken on new importance. This impor-
tance is especially true in the study of highly relativistic
(“boosted”) objects, in which evidence of heavy or exotic
particle production and decay can be discerned in a jet’s
substructure. Experimental results on jet substructure
have been published by the CDF [1], ATLAS [2, 3], and
CMS [4] experiments.
A standard class of methods for jet reconstruction in
hadron collider experiments is the sequential recombi-
nation algorithm. Different varieties of this algorithm
usually are rooted in physical or geometric considera-
tions, such as QCD splitting functions for the kT algo-
rithm [5, 6], angular ordering for Cambridge-Aachen [7],
and collimated jet cores for anti-kT [8]. In this article, we
consider a modified sequential recombination algorithm
which has some features seen in the classical theory of
radiation by moving charges. The algorithm simulta-
neously removes background radiation, including initial
state radiation, particles of the underlying event, and
those from the unassociated collisions (“pileup”) which
are an important feature of modern high-luminosity col-
liders such as the Large Hadron Collider.
The first section of this article describes the modified
algorithm and compares it with others. In Section II,
we test the new algorithm on simulated high-energy W
bosons with and without the presence of pileup, and com-
pare the results with those of other clustering algorithms.
Comparisons are also made with further background re-
moval (“grooming”) techniques.
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I. ALGORITHM
In a typical sequential recombination algorithm, we
start with a set of 4-vectors (“clusters”) which could
represent the momenta of particles, calorimeter energy
deposits, or previously clustered 4-vectors. The initial
clusters are assumed to be massless. Interjet distances
dij = min[p
r
T i, p
r
Tj ]
(
∆Rij
R
)2
(1)
are calculated for each pair of clusters i and j, as well as
beam-jet distances
diB = p
r
T i (2)
for each cluster i. In these formulae, pTi is the momen-
tum of cluster i transverse to the beam, and ∆Rij =√
(∆yij)2 + (∆φij)2, where ∆yij is the rapidity differ-
ence and ∆φij the difference in azimuthal angle. R is a
jet scale parameter which defines the maximum ∆Rij for
clustering pairs. The parameter r is 2 for the kT algo-
rithm, 0 for Cambridge-Aachen, and −2 for the anti-kT
algorithm. If the smallest distance is a dij , the pair is
merged, often by adding the 4-momenta. If the smallest
distance is a diB , the cluster is deemed an independent
jet and removed from further consideration. These steps
are repeated until all clusters have been deemed jets.
We now consider a new algorithm with distance mea-
sures
dij =
1
4
(mTi +mTj)
2
(
∆Rij
R
)3
, (3)
diB = m
2
Ti, (4)
where mTi =
√
m2i + p
2
Ti is the “transverse mass” of
cluster i, and mi is its mass.[9] The coefficient 1/4 has
the effect that diB < dij whenever two jets with the
same mT are separated by ∆Rij > R. If mTi < mTj ,
we also have diB < dij whenever ∆Rij > R, and there-
fore R is, as in other algorithms, the maximum ∆Rij
between clusters that can be merged. The algorithm
is collinear and infrared-safe by construction. We call
this algorithm “semi-classical” (SC) by analogy with the
classical angular distribution of radiation from moving
charges, which depends on the relativistic boost factor
2γ ∼ Ei + Ej ∼ mTi +mTj (replacing energy by longitu-
dinally invariant quantities), and has different exponents
for the energy and angular (∆Rij) factors. The cubic
angular exponent in Equation 3 arises from considering
isotropic, massless emissions in the parent body’s rest
frame. Different exponents for the angular factor have
been tested, and, for the most part, merely allow clus-
ters to merge with larger or smaller ∆Rij , thus changing
the size of the resulting jets.
The new energy factor, on the other hand, changes
the way in which clusters are merged and set aside as
jets, when compared with other algorithms. The kT al-
gorithm, for instance, starts by merging soft clusters, as
one would expect for an algorithm which attempts to re-
verse the presumed history of 1→ 2 splittings in the jet.
At the same time, the kT algorithm avoids the perceived
problem of the JADE algorithm [10, 11], with distance
measure
dij = EiEj(1− cos θij), (5)
which can allow large angle clusterings of very soft pairs.
The semi-classical algorithm also starts by merging soft
pairs, though the raised ∆Rij exponent clusters some
harder clusters sooner if they are sufficiently close. Large
angle clusterings are suppressed by the R scale and beam
clustering. However, the most significant difference in
behavior between the semi-classical and kT algorithms is
that for sufficiently large ∆Rij (though still with ∆Rij <
R), the comparison with diB prevents a number of soft
clusters from merging with high-mT clusters when
z′ij ≡
mTi
mTi +mTj
<
1
2
(
∆Rij
R
)3/2
. (6)
As a result, while R defines the maximum extent of a
jet in the semi-classical algorithm, it is possible for two
jets to be separated by ∆Rij < R. Moreover, the actual
jets are likely to be narrower than R, with higher mT
associated with narrower jets. This behavior is similar
to that of jet “pruning”, which vetoes mergings which
satisfy the two conditions
zij ≡ min(pTi, pTj)|~pTi + ~pTj | < zcut, (7)
∆Rij > Dcut, (8)
and discards the softer of the two clusters [12, 13]. Fig-
ure 1 compares the two methods, with pruning removing
the rectangular region in the (∆Rij , zij) plane, while the
semi-classical algorithm additionally removes some soft
clusters at small angles as well as harder clusters at large
∆Rij . These clusters become stand-alone jets separated
by ∆Rij < R.
It is interesting to note that the area of a semi-classical
jet, according to either the passive or active area defini-
tion of [15], is zero. This zero area is another reflec-
tion of the effect of the algorithm’s “pruning” of back-
ground; from this perspective, further area-based back-
ijR∆
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ij
 
o
r 
z’
ijz
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Semi-classical, R=1
3/2
R
ijR∆
 2
1
 < ijz’
Pruning
FIG. 1. Comparison of the semi-classical algorithm with
pruning. The diagonally hashed region indicates mergings
rejected by the semi-classical algorithm, while the vertically
hashed region is for pruning. The pruning parameters are
taken from [14].
ground subtraction is redundant. The effect of this prun-
ing will be evident in the next Section’s tests with simu-
lated events.
II. MONTE CARLO TESTS
Initial studies of the semi-classical algorithm with
boosted objects have been performed using the Pythia
(version 8.170) Monte Carlo generator [16, 17]. Single
hadronically decaying W+parton events were generated
with W pT > 500 GeV/c at
√
s = 8 TeV. Non-neutrino
particles were then collected into 0.1 × 0.1 η − φ cells
out to |η| < 5, where η = − ln[tan(θ/2)] is pseudorapid-
ity. Up to an average of 25 QCD minimum bias events,
using Tune 4Cx [18] and the CTEQ6L1 parton distri-
bution functions [19], were overlaid as “pileup”, assum-
ing the same interaction vertex. Only cells with energy
greater than 0.5 GeV were considered for jet clustering.
Jets were then found using the kT , Cambridge-Aachen,
and anti-kT algorithms implemented in Fastjet version
3.0.4 [20]. The semi-classical algorithm was implemented
as a Fastjet plugin ScJet [21] version 1.1.0. Jet masses
were calculated by summing the 4-momenta of the cells,
assuming zero mass for each cell.
Figure 2(a) shows the jet mass distribution for jets with
pT > 400 GeV/c in the same hemisphere as the generated
W for different ungroomed jet algorithms with R = 1.
Even with no pileup, the effect of additional radiation can
be seen in the other algorithms, while the semi-classical
peak is narrowest and lies closest, at 80.9± 0.1 GeV/c2,
to the generated W mass of 80.385 GeV/c2. The low
and zero-mass bumps are the result of the semi-classical
algorithm “pruning” close but energetically unbalanced
W daughters, as noted above; combining the jet with an-
other nearby jet recovers the W mass. When the pileup
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FIG. 2. Jet mass distributions for high-pT jets in the same
hemisphere as the generated W boson, with an average of 25
pileup events overlaid and R = 1 for the semi-classical, kT ,
Cambridge-Aachen, and anti-kT algorithms: (a) no pileup;
(b) with an average of 25 pileup events overlaid.
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FIG. 3. Peak mass vs R for events with zero pileup.
level increases to an average of 25, as shown in Fig-
ure 2(b), the semi-classical peak shifts roughly 4 GeV/c2
higher, but remains a recognizable, narrow peak, while
the others are much broader due to incorporating pileup
radiation.
The effects of additional radiation usually are miti-
gated by reducing the R parameter, and indeed one can
see in Figure 3 that at R = 0.4, all the peak masses
cluster around 80 GeV/c2, rising rapidly for the other
ungroomed algorithms. The semi-classical algorithm, on
the other hand, starts low at R = 0.4, where the two W
daughters often are resolved into different jets, and levels
off above R = 0.7.
Boosted object analyses, however, typically use large
R values between 1 and 1.5 in order to remain sensi-
tive to a larger range of energies. In order to mitigate
pileup effects in such large jets, the jet can undergo fur-
ther “grooming”. It is therefore instructive to compare
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FIG. 4. Peak mass vs R for events with average 25 pileup. For
most values of R for the kT , Cambridge-Aachen, and anti-kT
algorithms, the distributions are broad rather than peaked.
the new algorithm with grooming techniques, several of
which, including pruning, are also shown in Figures 3
and 4. It should be noted that grooming techniques usu-
ally are tailored to particular environments, and rely on
knowledge of the target final state such as one might use
to design a search strategy based on individually resolved
jets. The comparisons shown in this article are therefore
indicative, leaving optimization for specific signals and
backgrounds for those particular analyses.
Pruning has already been described. We start with
anti-kT jets with a given R, and use the parameters
zcut = 0.1 and Dcut = 0.2 [14] to prune. We compare the
resulting jets with those from the semi-classical algorithm
by itself, with the same R. Not surprisingly, the two al-
gorithms behave similarly in Figures 3 and 4, even rising
at a similar rate as the average pileup level increases to
25. Jet mass distributions for R = 1.5 are shown in Fig-
ure 5(a). The presence of pileup shifts the peaks of the
distributions upward, as expected. The semi-classical al-
gorithm, however, leaves a larger high-mass tail, but also
a smaller low-mass bump, suggesting that while it elim-
inates less pileup radiation, it retains the W daughters
more often. It is also evident that the given pruning
parameters are too aggressive for these particular condi-
tions, resulting in a low peak mass.
Next, we consider the grooming technique of trimming,
which attempts to discern narrow, high-pT subjets within
the parent jet [22, 23]. For the comparison, we use the
Cambridge-Aachen algorithm to recluster within the par-
ent jet with a smaller radius parameter Rsub = 0.3, and
discard the resulting subjets with pT < fsubPT , where
fsub = 0.05 is a parameter and PT is the transverse mo-
mentum of the parent jet [14]. The jet mass is then
calculated by summing the remaining high-pT subjets.
Figure 4 shows trimming to be more stable under these
pileup conditions than pruning or the ungroomed semi-
classical algorithm.
The semi-classical algorithm can be used for reclus-
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FIG. 5. (a) Jet mass distributions for high-pT semi-classical
and pruned anti-kT jets in the same hemisphere as the gener-
ated W boson, with zero and average 25 pileup. (b) Trimmed
jet mass distributions, reclustered by the Cambridge-Aachen
(Rsub = 0.3) and semi-classical (Rsub = 0.4) algorithms, with
zero and average 25 pileup.
tering; in effect, such a method combines pruning and
conventional trimming. We use a slightly larger value of
Rsub = 0.4 to compensate for the smaller semi-classical
jets, and we trim anti-kT jets with R ≥ 1. Figure 5(b)
shows the results of reclustering with the Cambridge-
Aachen and semi-classical algorithms. As may be ex-
pected, the mass distributions are very similar, again
with low-mass bumps where another W daughter has
been discarded by the trimming technique. The distri-
butions are largely insensitive to both the parent jet’s R
parameter, as also shown in Figures 3 and 4, as well as
to the pileup level.
Figures 6 and 7 compare the effects of increasing the
pileup level on the different ungroomed and groomed al-
gorithms for large R values. The difference between un-
groomed and groomed jets is more obvious here, with
the mass peak rapidly rising and broadening at even
modest levels of pileup for all the ungroomed algorithms
except the semi-classical algorithm. The ungroomed
semi-classical algorithm parallels pruning over this range
of pileup level, while the peak W masses of trimming,
with either reclustering algorithm, rises more slowly than
those for pruning.
III. CONCLUSION
In this article, we have investigated the behavior of
a sequential recombination algorithm with a new inter-
cluster distance measure dij which depends on the sum of
clusters’ transverse masses. The resulting algorithm ef-
fectively combines jet clustering with pruning-like behav-
ior in one step. Monte Carlo tests with Pythia8 show
the algorithm by itself performing like an algorithm with
jet grooming in terms of stability with respect to the jet
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FIG. 6. Dependence of mass peak position on pileup for dif-
ferent algorithms with R = 1. The mass distributions at most
or all pileup levels for the kT , Cambridge-Aachen, and anti-kT
algorithms are very broad, with maxima above 100 GeV/c2.
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FIG. 7. Dependence of mass peak position on pileup for differ-
ent algorithms with R = 1.5. The mass distributions at most
or all pileup levels for the kT , Cambridge-Aachen, and anti-kT
algorithms are very broad, with maxima above 100 GeV/c2.
The anti-kT mass distribution peaks near 100 GeV/c
2 even
at zero pileup.
scale parameter R as well as to pileup. It can also be
used to recluster narrow subjets for trimming. Further
work would be needed to determine whether cross sec-
tions can be calculated for the new algorithm without
large QCD corrections. At the same time, as has been
observed widely (and wisely), Monte Carlo studies may
show the feasibility of a method, but they are a far cry
from optimizing and testing it in a genuine experimental
context.
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